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	HEMODYNAMIC MONITORING

	Marian E. Von-Maszewski, MD, and Gregory H. Botz, MD, FCCM




	OBJECTIVES

	
			Review the principles of hemodynamic monitoring

			Describe the process of oxygen delivery and oxygen consumption

			Review the concept of physiological shunt and ventilation-perfusion relationships

			Discuss the determinants of cardiac performance

			Delineate the commonly used hemodynamic monitors

			Explain the interpretation of intravascular pressure measurements during mechanical ventilation

			Review the invasive and noninvasive methods for measuring or estimating cardiac output

			Provide a framework for using hemodynamic monitoring to tailor therapy

			Discuss monitoring of tissue perfusion

			Review the use of hemodynamic monitoring in the Surviving Sepsis Campaign

	



Key words: blood pressure, cardiac output, hemodynamic monitoring, invasive, minimally invasive, noninvasive, cardiac performance, preload, afterload, contractility, stroke volume variability, pulse pressure variability, systolic pressure variability

The impetus to develop ICUs was originally driven by the need to care for patients with respiratory failure during polio epidemics. The deployment of monitors, especially hemodynamic monitoring devices, was due to a secondary phenomenon. Invasive hemodynamic monitoring became essential with the introduction of positive-pressure ventilation and cuffed endotracheal tubes and the use of neuromuscular blockers, high-dose opiate therapy, and extracorporeal circulation for surgical cases. In many cases, particularly cardiac surgical cases, the sedatives, narcotics, and neuromuscular blockers were not reversed but were allowed to metabolize during the immediate postoperative period. The monitoring initiated during anesthesia and surgery was simply extended into this postoperative environment. Subsequently, hemodynamic monitoring was used for a variety of other ICU patients.

Hemodynamic monitoring is simply defined as the measurement and interpretation of biological signals that describe the overall performance of the cardiovascular system. These biological signals are often very indirect indicators of cardiovascular function. An understanding of the biological signal measured and of its manipulation or integration in physiological calculation is critical in the interpretation of the derived hemodynamic monitoring. Hemodynamic monitoring is not therapy but is meant to lead to appropriate adjustments in therapy. Acutely ill patients with hemodynamic instability are often supported by a variety of vasoactive drugs, including inotropes, vasodilators, vasoconstrictors, and agents meant to alter heart rate and heart rhythm. Because many of these drugs are administered by continuous infusion, the most appropriate hemodynamic monitors are real-time monitors that measure such beat-to-beat parameters as rate, rhythm, and pressures. Hemodynamic monitoring is intended to estimate the adequacy of tissue perfusion, to detect hypoperfusion, and to guide therapy.

In hemodynamic monitoring, further issues must be considered. A literature search for studies linking hemodynamic monitoring to improved outcomes yields disappointing results as there is little to support such a premise. Indeed, some have questioned whether the pulmonary artery catheter (PAC), a frequently used hemodynamic monitor, actually increases a patient’s risk. Also, even when global hemodynamic perfusion and intravascular pressures are maintained, this may not reflect events in microvascular beds, specific organs, or tissue perfusion.

OXYGENATION

A basic understanding of oxygen delivery, oxygen consumption, and global oxygen delivery to peripheral tissues is essential to the intelligent use of hemodynamic monitoring. Global oxygen delivery may not be helpful in indicating the status of individual organs or vascular beds, but clearly low-flow states with poor oxygen delivery put all organs at risk.

Figure 1 shows the key elements in overall cardiac output (CO) and gas exchange. At each point in the diagram, we can consider a partial pressure for oxygen, an oxygen saturation, and oxygen content. Therefore, we can describe oxygen delivery to peripheral tissue as the following:

Oxygen Delivery = QT × CaO2,

where QT is total cardiac output, and CaO2 is arterial oxygen content. Once blood passes into the peripheral circulation and into tissue, oxygen is delivered, and blood returns through the venous system back to the heart and lungs. Blood entering the right heart comes from the superior and inferior vena cavae and is “mixed” in the right ventricle (RV) as blood is ejected into the lungs. This mixed venous blood returning to the lungs also has an oxygen tension, oxygen saturation, and oxygen content. It is therefore described as the following: Oxygen Returned = QT × CVO2, where CVO2 is the mixed venous oxygen content.

Further, we can subtract the amount of oxygen returned to the lungs from the amount of oxygen delivered to peripheral tissue to arrive at the oxygen consumed in the periphery: Oxygen Consumed = QT × (CaO2 – CVO2). The oxygen consumed is designated by the symbol VO2. We can rewrite this equation in a form that is more familiar to us as the Fick equation: QT = VO2 / CaO2 – CVO2.

We can use these principles to understand the impact that a diseased lung has on overall oxygenation and oxygen balance. Specifically, when we manage a patient with pneumonia, adult respiratory distress syndrome, and heart failure, the blood passes alveoli that have lost volume (low ventilation-perfusion relationships) and often have alveolar gas replaced by fluid. In situations such as congenital heart disease, blood is shunted from right to left and is never exposed to the lung or alveolar gas. These clinical situations are variously known as low V/Q, shunt, shunt-like effect, and venous admixture (blood from the right heart admixes with blood leaving the left heart and lowers the oxygen tension, saturation, and content). Extravascular lung water and alveolar flooding will lower the functional residual capacity of the lung.

Returning to Figure 1, we can conceptualize a division of blood returning to the lung into 2 segments (note that mathematically we are treating this as an all-or-none phenomenon): blood that passes functional and normal alveoli and is “perfectly” oxygenated, and blood that passes nonfunctional, nonventilated alveoli (physiological dead space); the latter is termed shunted flow.


	FIGURE 1. Key elements in cardiac output and gas exchange
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Therefore, we can develop the following equation:

QT = QC + QS

or

QC = QT – QS.

where QC is capillary blood flow and QS is shunt flow.

Returning to the Fick equation, we can use the original equation for oxygen consumption and then rewrite the equation another way, using QC to represent overall oxygen balance, since shunted blood flow does not contribute to oxygen delivery. These 2 equations for oxygen consumption are equal. Additionally, we need to describe the oxygen content of blood just before it is diluted by inadequately oxygenated mixed venous blood. This notation is the CCO2: QT × (CaO2 − CVO2) = QT − QS (CCO2 − CVO2). Rearranging this equation to solve for the shunted fraction of the total CO results in QS / QT = CCO2 − CaO2 / CCO2 − CVO2.

With 2 samples of blood, 1 drawn from an arterial catheter and 1 from a PAC or a central venous catheter (mixed venous blood), we can calculate the various oxygen contents, where 0.003 is the solubility coefficient for oxygen and 1.34 is the amount of oxygen carried by a gram of hemoglobin (mL/g). This is the classic shunt equation:

CaO2 = Hemoglobin × 1.34 × SaO2 + (PaO2 × 0.003)

CVO2 = Hemoglobin × 1.34 × SVO2 + (PVO2 × 0.003)

CCO2 = Hemoglobin × 1.34 × SCO2 + (PCO2 × 0.003),

where SVO2 is mixed venous oxygen saturation, PVO2 is mixed venous oxygen tension, SaO2 is arterial oxygen saturation, and ScO2 is capillary oxygen saturation.

Whereas the degree of lung impairment and the level of shunt can usually be estimated quickly with the PaO2/FIO2 ratio, the classic shunt equation demonstrates the powerful relationship between gas exchange and total CO. Without affecting the actual degree of lung damage, raising the CO effectively lowers the shunt fraction, that is, the ratio of shunted flow to total CO. For many years, the PAC was considered to be the perfect tool to assess both gas exchange and CO.

DETERMINANTS OF CARDIAC PERFORMANCE

Nearly 100 years ago, Ernest Starling and Otto Frank developed the principles of cardiac function, the ventricular function curve, and the concepts now known as Starling’s law of the heart. The principles of preload, contractility, and afterload are elemental in considering the status of cardiac function in a critically ill patient and designing therapy. Although PACs have been less frequently used recently, they are helpful in understanding cardiac performance. Although one must note the compliance state of the ventricles as the PAC measures pressure, the determinants of cardiac performance are most related to the ventricular volumes.

Preload refers to myocardial fiber stretch and correlates with end-diastolic ventricular volumes. The central venous pressure (CVP) is a surrogate for the end-diastolic volume of the right heart, and current PAC technology enables a reasonable estimate of the RV end-diastolic volume. The PAC is also used to estimate the left ventricular (LV) end-diastolic volume using the end-diastolic pressure as a surrogate. In this case, a balloon occlusion pressure measurement is taken, a condition in which there is no flow in the lung beyond the inflated balloon. The assumption is that the fluid-filled catheter is thus extended by a static column of blood in the lung; with an open mitral valve, the pulmonary artery occlusion pressure reflects LV end-diastolic pressure and, therefore, LV end-diastolic volume. In the ventilated patient, these intravascular pressure measurements cannot be referenced to ambient pressure. Positive-pressure ventilation raises intrathoracic pressure, and thus pleural pressure, to varying degrees. The intravascular pressure measurement must be referenced to the transmural pressure, a number that is not easily known. Therefore, CVP might poorly reflect RV end-diastolic volume, and the pulmonary artery occlusion pressure might poorly reflect the LV end-diastolic volume.

Myocardial contractility refers to the strength of the myocardial muscle and the velocity of contraction. The contractile state of the heart is also not easily measured, even though we often try to improve it with inotropic infusions. The contractile state is further altered by the preload as well as by the afterload against which the heart must pump. Afterload or impedance is the resistance to which the beating heart is exposed as it attempts to eject blood. The systemic vascular resistance (SVR) is a calculation used to estimate impedance to flow. It is represented as the following: SVR = (MAP − CVP) / CO × 80, where MAP is mean arterial pressure. A useful method for depicting cardiac function is described in pressure-volume loops. These loops were originally obtained through an iterative approach in both humans and animals by occluding blood flow (venous return) to the heart. A “family” of loops was described that characterized the preload, afterload, and contractility with a single cardiac cycle (Figure 2).


	FIGURE 2. Classic pressure-volume versus time relationship
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	The left panel describes the classic pressure-volume versus time relationship. The right panel depicts the pressure-volume loop during a single-cardiac cycle. Abbreviations: SV, stroke volume, LV left ventricle, LVP, left ventricular pressure, EDV, end-diastolic volume, ESV, end-systolic volume, ESPVR, end-systolic pressure-volume relationship, EDPVR, end-diastolic pressure-volume relationship.

	Reproduced with permission Klabunde R. (2012). Cardiovascular Physiology Concepts. 2nd Edition. Wolters Kluwer, Lippincott Williams & Wilkins.



ELECTROGRAPHIC MONITORING

Although not a hemodynamic monitor, electrocardiography (ECG) provides valuable information about the patient’s cardiac status. The procedure is noninvasive, and leads can be quickly applied. The resulting information regarding the electrical activity of the heart provides an early evaluation of rate and rhythm abnormalities, chamber position and size, function of pacing devices, and evidence of drug toxicity.

While the 12-lead ECG provides the most complete information on cardiac electrical activity, it is unwieldy for continuous monitoring. Some newer cardiac monitors have the ability to display 12 leads, either derived from the 5 leads or using the traditional 12-lead technique. The 5-lead ECG is commonly used in the ICU to provide general monitoring of the lateral, inferior, and anterior segments of the heart. The commonly traced leads are II and V5. Lead II best demonstrates P waves, enabling heart rate and rhythm assessment. Lead V5 monitors the left side of the heart and will show ischemic changes in the most commonly affected areas.

URINE OUTPUT

Urine output is a direct reflection of organ perfusion; it has long been referred to as “the poor man’s CVP.” Typically, urine flow of at least 0.5 mL/kg/h, averaged over at least 2 hours, has been considered acceptable. The patency of the urinary catheter and collection system should be confirmed when urine output is decreased. Systemic hypoperfusion, either hypotension or decreased blood flow, can impair effective renal blood flow leading to decreased urine output. A fluid challenge should be delivered in patients to rule out hypovolemia, although caution should be used in patients with known intrinsic renal dysfunction or significant congestive heart failure. Other causes of decreased effective renal blood flow include increased abdominal pressure, also called abdominal hypertension or abdominal compartment syndrome. The intra-abdominal pressure can be determined by direct measurement or estimated by measuring the urinary bladder pressure.

Urine output may not always be helpful in assessing hemodynamic status and perfusion. Acute and chronic intrinsic kidney injury can affect urine flow irrespective of the effective renal blood flow.

ECHOCARDIOGRAPHY

Transthoracic echocardiography and transesophageal echocardiography (TEE) can be useful in the critically ill patient. TEE has become the gold standard for measuring CO, LV filling, LV function, and overall hemodynamic assessment during surgical procedures.1 The availability of portable hand-held ultrasound units has enabled the rapid visualization and analysis of cardiac function with Doppler imaging. Increasingly, critical care physicians are trained to conduct a basic ultrasound examination of the heart in the ICU. Because transthoracic echocardiography is completely safe and noninvasive, it can be used for a quick, accessible examination in a patient with unexplained hemodynamic instability. Absence of an obvious cardiac abnormality indicates that cardiac function is likely not the cause.

The clinician should understand the different goals of echocardiography examinations that are routine versus those conducted in the critically ill patient. In the critically ill patient, anatomical interrogation is important, but the crux of the examination is to determine physiological function and correlate the study with ongoing and real-time monitors. For example, we can readily assess whether the LV and inferior vena cava are “full” or “empty.” We can assess ventricular contraction, wall thickness and motion, and CO. The examination is critical to identifying systolic versus diastolic heart failure. We can further assess the effect of a fluid bolus over a 10-minute interval and the resultant change in other hemodynamic monitors. Similarly, right heart size and function can be assessed as the patient is undergoing mechanical ventilation. Given the goals of this bedside examination, the clinician should be at the bedside to make the assessment and to redirect therapy rather than merely recording the study for later analysis at a distant site.

The TEE equipment is undergoing rapid technological change, with portable systems now available that can use a laptop computer for display and analysis. These new technologies will rapidly expand the availability of TEE in critical care units. The hemodynamic transesophageal echocardiograph (hTEE; Imacor, Garden City, New York) device uses a disposable TEE probe to provide several views of the cardiac chambers and major vessels that allow an estimation of the filling state and cardiac performance. This can be used for a rapid assessment of cardiovascular function, fluid responsiveness, and algorithm-driven management.

NONINVASIVE BLOOD PRESSURE DEVICES

The mercury manometer is the gold standard for blood pressure measurement, but elemental mercury has been systematically removed from patient care areas. The mercury manometer has been replaced by the aneroid manometer. The blood pressure reading is taken with the patient relaxed in the sitting position, with a cuff of adequate size relative to the patient’s body habitus and arm circumference. The cuff is inflated to occlude the artery, and the pressure is slowly released. The examiner listens for the sounds of Korotkoff with the bell of the stethoscope placed over the brachial artery. The 5 sounds of Korotkoff are identified to obtain both the systolic and diastolic pressure, and the readings are repeated 3 times.2

In the operating room and intensive care areas, automated blood pressure devices are the norm. However, they measure blood pressure by detecting oscillations rather than sounds. The machine applies pressure to the point of exceeding the systolic pressure and then seeks to identify maximal oscillation amplitude, which is identified as the MAP. Each manufacturer uses a different algorithm to derive systolic and diastolic blood pressures based on the maximum amplitude and the slope of the amplitude rise and fall. MAP is the most accurate measurement using this technique; diastolic pressure is the most inaccurate (Figure 3).3


	FIGURE 3. Comparison of blood pressure measurement using auscultatory versus oscillometric technique
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When an arterial catheter is in place, it is a good practice to simultaneously measure the mean blood pressure using an oscillometric device. Despite some discrepancies in the systolic and diastolic pressures, the MAPs usually correlate.

DIRECT MEASUREMENT OF ARTERIAL PRESSURE

Direct (invasive) monitoring of arterial blood pressure is indicated for continuous monitoring of abnormal blood pressure, either hypertension or hypotension, and the response to fluid and vasoactive medication administration for most ICU patients. Invasive monitoring may be necessary in patients with a contraindication to, or failure of, indirect blood pressure monitoring due to conditions such as morbid obesity, cutaneous infections, burns, or compromised peripheral vasculature. The radial artery is most frequently cannulated, with a reported ischemia incidence of 0.1% or less.

Necessary components for measurement include the mechanical components (tubing and stopcocks), electrical components (the monitor and cables), and a transducer. The function of the transducer is to convert the pulsatile mechanical energy in the vascular tree to an electrical signal that can be measured and recorded. Transducers must be zeroed to atmospheric pressure and calibrated. To zero the system, the transducer is placed at the level the clinician wishes to measure, usually at the intersection of the midaxillary line and the fourth intercostal space (the phlebostatic axis or point). In the supine patient, this corresponds to the level of the right atrium. In any other position, the transducer is best located at a level 5 cm vertically below the sternal angle. If the transducer is positioned below the phlebostatic axis, the reading will be falsely elevated; if placed too high, the reading will be falsely decreased.

The system used to measure intravascular arterial pressure is easily used by clinicians but reflects rather complex fluid mechanics. The pulsation in the vasculature behaves as an underdamped second-order harmonic oscillator. The system is a function of not only forward flow but also reflected waves from the periphery.4 The shorter the time delay between these 2 peaks, the greater the arterial stiffness—that is, the less elastic the vascular tree. In elderly patients with compromised arterial distensibility (compliance), early return of the reflected waves increases pulse pressure, produces a late systolic pressure peak, and attenuates the diastolic pressure wave. This can result in an increased myocardial oxygen demand during systole and reduced myocardial oxygen supply during diastole (Figure 4).


	FIGURE 4. The effect of reduced distensibility of the vascular system in the elderly on arterial pressure waveform
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Not only are fluid dynamics important in cardiovascular interaction: The system of tubing and stopcocks affects the accuracy of measurement. The natural frequency of today’s monitoring systems is between 12 and 25 Hz. When the monitored waveform frequencies approach the natural frequency of the system, the system will resonate, and pressure waveforms recorded on the monitor will be amplified versions of the true arterial pressure. This has been described as overshoot, ringing, or catheter fling. This phenomenon can be easily demonstrated by activating the flush mechanism and observing ringing in the system before the system stabilizes. Thus, direct measurement of the systolic arterial pressure often exceeds indirect noninvasive measurement because of underdamping and resonance. This can be alleviated by using the shortest, stiffest tubing and minimal stopcocks in the line.

CENTRAL VENOUS PRESSURE MEASUREMENTS AND PULMONARY ARTERY CATHETERS

To measure CVP, the clinician inserts a catheter into a central vein, commonly the subclavian or jugular, and advances it through the superior vena cava to its junction with the right atrium. The femoral vein is a less preferred option for this due to the higher risk of infection and thrombosis. Use of this site is recommended for short-term and emergent access. Early goal-directed therapy5 uses CVP as one component of an algorithm-driven approach to hemodynamic management patients with sepsis. Although less reliable than other forms of hemodynamic monitoring that estimate cardiac performance, CVP can still be used as an early resuscitation target; a very low CVP correlates with a low intravascular volume state.

CVP monitoring is indicated in patients with hypotension. The CVP can be measured as an index of the right heart preload status. However, in the mechanically ventilated patient there is a possibility of artifactual elevations in intravascular pressure measurements; clinical decisions should not be made based on this CVP value alone. Similarly, CVP may not adequately reflect preload in patients with clinically significant pulmonary artery hypertension, cardiac tamponade, or valvular disease. Often what seems to be an adequate CVP measurement may be tested by giving a fluid bolus and then noting the change in CVP and the effect on urine flow and blood pressure. The central venous catheter can also be used for infusion of parenteral nutrition, large volume boluses, and vasoactive medications. It can act as a portal for temporary pacing devices. Newer catheters have fiberoptic components, which allow the assessment of central venous oxygen saturation (ScVO2).

Risks associated with central venous cannulation include vascular injury, dysrhythmia, hemorrhage, pneumothorax, and arterial puncture during placement. Long-term concerns are catheter migration, catheter-associated bloodstream infections, and thrombosis. Strategies to reduce such catheter-related bloodstream infections, included in the Institute for Healthcare Improvement6 central line bundle, include hand hygiene, maximum barrier precautions, chlorhexidine skin preparation, optimal catheter insertion site selection, daily assessment, and prompt removal if necessary.

Pulmonary artery catheterization with a balloon flotation catheter provides added information but increases risk. The same caveat holds for the measurement and interpretation of intravascular pressures noted above. Newer catheters provide for continuous measurement of CO, making this a real-time monitor. Using strategically placed thermocouples provides for an estimation of volume of the RV, or RV end-diastolic volume, another index of preload. The continuous measurement of mixed venous oxygen saturation (SVO2) is used as an indirect index of tissue oxygenation. When combined with CO and arterial oxygen saturation, SVO2 provides an overall index of oxygenation and gas exchange. Derived variables such as pulmonary vascular resistance and SVR can be calculated. The inappropriate interpretation of PAC data by clinicians can lead to inappropriate changes in patient management. The development of central venous catheters with fiberoptic components and the correlation of ScVO2 to SVO2 combined with the ability of minimally invasive methods to determine CO may further decrease the use of the PAC in the ICU.

Potential complications caused by pulmonary artery catheterization are multiple and often serious. These include arrhythmias, catheter looping and knotting, pulmonary vasculature rupture, catheter migration into the periphery, infection, air embolism secondary to balloon rupture, and thromboembolism. Because of these potentially grave complications, a good rule is to limit the amount of time a PAC is in place.7

HEMODYNAMIC MONITORING IN MECHANICALLY VENTILATED PATIENTS

Intermittent positive-pressure ventilation causes cyclic changes in the ventricular preload and afterload. Insufflation causes an increase in pleural pressure, leading to a decreased preload of the RV due to the decrease in the venous return pressure gradient. RV afterload increases due to the inspiratory increase in transpulmonary pressure. As a result, RV stroke volume (SV) is decreased.

The inspiratory reduction in RV SV causes a decrease in LV filling after a 2- to 3-second lag. The decreased LV preload leads to a decrease in LV SV seen during the expiratory phase. There will be a greater change in the SV when the heart is on the steep portion of the Frank-Starling curve; thus, the measurement of SV variation may better represent the preload state.

STROKE VOLUME, PULSE PRESSURE, AND SYSTOLIC PRESSURE VARIATION

Stroke volume variation (SVV), pulse pressure variation (PPV), and systolic pressure variation (SPV) can be determined using invasive or minimally invasive methods. These parameters predict patients who will respond to a fluid challenge and the degree to which they will respond. Current studies have shown these indicators to be accurate in mechanically ventilated patients receiving tidal volumes of 8 to 10 mL/kg. In patients receiving lower tidal volumes, tidal volumes may be increased to 8 to 10 mL/kg for 2 to 3 minutes to obtain values that can be used in fluid resuscitation.

The clinician can assess SPV in ventilated patients without arrhythmias by using the inspiratory hold. After applying the inspiratory hold, the clinician observes the arterial pressure waveform for variation. Typically, systolic pressure decreases at the end of the hold. The larger the change in systolic pressure over the inspiratory hold, the more likely the patient will be fluid responsive. This can also be observed as variations in pulse pressure during the inspiratory hold, but these are usually more difficult to assess (Figure 5).


	FIGURE 5. Stroke volume variability (SVV) in an arterial waveform tracing
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	Abbreviation: SV, stroke volume



PASSIVE STRAIGHT LEG RAISE

Depending on venous tone, there may be 150 to 250 mL of blood in the lower extremities. The passive straight leg test is performed by placing the patient in a fully recumbent supine position and then elevating the lower extremities to a 45° angle. This provides a bolus of blood returned to the central circulation. An increase in MAP, SV, CO, or pulse pressure of 10% or more suggests fluid responsive hypovolemia. This maneuver is not the same as placing the patient in the Trendelenburg position.

MINIMALLY INVASIVE OR NONINVASIVE METHODS TO MEASURE CARDIAC OUTPUT

For nearly 40 years, the gold standard for measuring CO has been the PAC. This invasive technique required the insertion of a catheter that traversed the central circulation, passed through the right heart, and went into the proximal pulmonary artery. More recently, minimally invasive and noninvasive technologies have emerged that can estimate SV and CO. Most often these techniques are described as noninvasive because they do not require a transcardiac catheter placement.

Arterial Pulse Contour Analysis

CVP- and PAC-based resuscitation is limited in the ability to predict response to fluid resuscitation. The recent trend in hemodynamic monitoring eliminates PAC monitoring and uses minimally invasive arterial pulse contour analysis. These systems use a proprietary method to measure arterial pulse contour to continuously assess hemodynamic status by identifying variations in the arterial pressure wave in patients ventilated with positive-pressure ventilation. The physiological principle is based on the fact that aortic pulse pressure is proportional to SV and inversely proportional to aortic compliance. In other words, the greater the SV, the greater the amount of blood that is ejected into the arterial tree with each heartbeat. By analyzing the changes in output (ie, SVV and PPV), one may determine the patient’s responsiveness to fluid administration. The accuracy of these systems has been validated in comparison to the PAC, although interdevice agreement has been shown only for patients with clinically significantly low CO. These systems are not appropriate for use in patients with cardiac arrhythmias or those who are breathing spontaneously because these conditions will alter the respiratory variations in systolic pressure, pulse pressure, and SV.

The LiDCO-Plus (LiDCO, Cambridge, England) system uses a lithium dilution maneuver to estimate CO. The lithium is injected via a central or peripheral vein and flows though the cardiopulmonary circuit. Its concentration is then measured by an electrode attached to the peripheral arterial line. The lithium flow is correlated to plasma flow, which is then converted to blood flow based on the hemoglobin value. Combining the blood flow value with pulse contour analysis allows hemodynamic calculations that can be used for hemodynamic evaluation. The PiCCO (Philips, Best, The Netherlands) uses thermodilution analysis via a central venous catheter and an arterial catheter. These thermodilution data are integrated with pulse contour analysis to provide estimated cardiac performance parameters. Both dilution techniques can provide LV CO estimates due to the complete transit through the cardiopulmonary circuit. A PAC-derived thermodilution measurement will reflect only RV CO.

The FloTrac pulse contour device and accompanying Vigileo monitor (Edwards Lifesciences, Unterschleissheim, Germany) attach to an indwelling arterial catheter. The system provides CO based on a proprietary algorithm that uses the patient’s height, weight, age, and gender. CO and other derived parameters (SV, SVV) are displayed continually every 20 seconds. The device does not need to be calibrated and has been shown to correlate well with CO measured by thermodilution. With integration of intravascular pressures, SVR can be estimated. An estimate of global oxygen balance and gas exchange can be assessed by combining central venous oxygen saturation, arterial oxygen saturation, and arterial pulse contour analysis.

With these monitors, CO and cardiac index can be followed. In the appropriate patient, elevated values of SVV and PPV indicate the need for fluid administration; normal values may prompt the use of vasoactive medications in the setting of low CO. SVV and PPV will predict fluid responsiveness but will not provide information regarding ventricular function. This should be assessed with transthoracic echocardiography or TEE. Minimally invasive CO monitors can be used for longer periods than PACs.

Esophageal Doppler Flow Probe

A relatively noninvasive method of assessing CO involves placing a Doppler flow probe into the esophagus to a depth of 35 to 40 cm for most adults. The distal tip of the probe contains a focused Doppler transmitter/receiver. The integration of Doppler data is used to estimate flow. The probe tip is aimed at the descending aorta. The aortic diameter and compliance are estimated by the patient’s age, gender, height, and weight. The probe is positioned to obtain a maximal signal using both visual and auditory (Doppler) signals. Once the optimal waveform and sound are achieved, the monitor takes measurement with each cardiac cycle.8

The peak velocity is peak flow in the systolic phase and directly relates to contractility. The area under the waveform is used to calculate the CO in liters per minute. This value divided by the heart rate provides the SV. The length of the base segment of each waveform is the flow time. It is measured in milliseconds, and when corrected for the heart rate, it closely correlates with preload.

With estimates of CO, contractility, and preload available, one can formulate a fluid management plan. This allows for real-time monitoring of treatment responses and allows one to follow cardiac performance trends. For example, if there is a question as to intravascular volume status after the SV and flow time have been monitored, a 200-mL fluid challenge can be infused over 10 minutes. A positive response is indicated by an increase in the range of 10% for both measures. If the peak velocity is low and the blood pressure is also low, inotropes might be indicated. If the flow time is adequate and the SV is normal or high, but the blood pressure is still considered too low, then vasopressors might be indicated. Conversely, if the blood pressure is acceptable but a low flow time and low peak velocity are noted, vasodilators are appropriate.

While the accuracy of this device might be questioned, it is precise. The use of cardiac performance trends can be a valuable clinical adjunct. The monitor has been extremely useful during surgical procedures, when the patient does not move and the probe stays appropriately positioned. In the ICU, the probe is less well tolerated by patients, and movement results in a lost signal.

Carbon Dioxide Rebreathing

The monitoring of inhaled and exhaled carbon dioxide versus time is now standard in operating rooms and is available in critical care units. For the most part, this monitoring is viewed as a safety measure to ensure adequate ventilation, during either spontaneous ventilation or positive-pressure ventilation; however, at the most basic physiological application, monitoring exhaled carbon dioxide reflects adequacy of the pulmonary microcirculation. Because of this, the monitor can be engineered to measure CO.9 The NICO2 monitor uses intermittent carbon dioxide rebreathing to estimate CO by the Fick method.

The principle of carbon dioxide production parallels oxygenation and oxygen consumption. The Fick principle applies to carbon dioxide production and elimination just as it does for oxygen consumption and oxygen delivery to peripheral tissue:

QT = VCO2 / CvCO2 – CaCO2

where VCO2 is CO2 production, CvCO2 is venous CO2 content, and CaCO2 is arterial CO2 content.

Technology is now available to measure and record the volume of each tidal breath, the minute ventilation, and the expired carbon dioxide level; the mean expired carbon dioxide tension can be calculated. CO can be measured because, unlike oxygen, carbon dioxide is a diffusible gas with a relatively flat dissociation curve. For a short time, a rebreathing device is entered into the ventilator circuit. As the patient rebreathes carbon dioxide (for slightly more than a minute), the alveolar carbon dioxide tension rises and so must the exhaled carbon dioxide tension. Data are then recorded and entered into the Fick equation, resulting in 2 data sets: rebreathing and nonrebreathing. Over the short duration of rebreathing, the mixed venous gas tension does not rise appreciably and thus will cancel out of the equations. The change in measured carbon dioxide production divided by the change in the end-tidal carbon dioxide tension (with a slight correction derived from the arterial oxygen saturation) yields the calculated CO.

The resulting CO measurement is not a real-time value but is updated within minutes. It is both accurate and precise and correlates with thermodilution measurements. The small rebreathing circuit is also fitted with a miniature pneumotachograph, providing the opportunity to measure a complete panel of lung mechanics. The system continues to function with moisture and humidity in the line, is easily introduced into the ventilator circuit, and is disposable.10

HEMODYNAMIC MONITORING AND THE SURVIVING SEPSIS CAMPAIGN

The Surviving Sepsis Campaign11 is based on goal-directed therapy that relies on hemodynamic monitoring for resuscitation of sepsis-induced hypoperfusion and maintenance of oxygen delivery once improved perfusion has been achieved. The essential features of resuscitation include achievement of an adequate CVP to permit adjustment of other hemodynamic parameters and the maintenance of tissue perfusion by maximizing mixed or central venous oxygen saturation. Once early targets are met, these parameters should be maintained throughout the management of the septic episode.

The revised 2012 Surviving Sepsis Guidelines published by the Surviving Sepsis Workgroup recommend CVP, MAP, urine output, and SVO2 as physiological thresholds and targets for resuscitation in an attempt to match oxygen delivery to oxygen demands. Acknowledging that CVP has limited utility as a marker of intravascular volume, investigators believed that a low CVP reliably supports fluid loading. The use of newer continuous CO monitors and their efficacy in outcomes in early sepsis have not been established. The goals in the first 6 hours of resuscitation are a CVP of 8 to 12 mm Hg, ScVO2 of 70% taken from the CVP catheter, or SVO2 of 65% drawn from a PAC. If these goals are not met with fluid resuscitation, then the infusion of vasoactive drugs or transfusion of packed red blood cells (or both) to achieve a hematocrit 30% or greater is recommended. A higher CVP target (12-15 mm Hg) may be necessary in mechanically ventilated patients, those with preexisting decreased ventricular compliance, or patients with increased abdominal pressure. Cardiac index end points are not recognized as targets in the guidelines.

ASSESSING TISSUE OXYGENATION AND PERFUSION

Serum Lactate

Several studies have shown that initial and serial serum lactate levels correlate with outcome in sepsis and septic shock. The initial lactate level is an indicator of the degree of tissue hypoperfusion, and subsequent clearance can indicate adequacy of response to resuscitation and increased end-organ perfusion. The Surviving Sepsis Guidelines recommend fluid resuscitation for patients with hypotension or an initial serum lactate level at or above 4 mmol/L. Normalization of serum lactate level is a therapeutic target.

Gastric Tonometry

Several technologies have been developed in an attempt to better define the relationship between global CO and delivery of oxygen to peripheral tissues. None of them have achieved widespread use. One technology specifically addresses perfusion of the gut.12 The observation that ischemia followed by reperfusion of the gut releases a wide array of mediators that can damage the lung, the heart, and other end organs is well established. Therefore, the concept of monitoring the gut and directing fluid resuscitation and therapy to maintain perfusion is attractive. To this end, gastric tonometry was developed. The system measures transmucosal carbon dioxide tension and converts this measurement to the pHi, an index of mucosal acidosis and inadequate gut perfusion. Although this index is attractive in concept, there are 2 issues of concern: (1) translations of the intestinal carbon dioxide tension into an intestinal pH, a measurement that is contrived, and (2) scant evidence that goal-oriented therapy using the pHi changes outcome.

Transcutaneous Oxygen Saturation

Similar concerns exist for the transcutaneous oxygen saturation monitor that purports to measure tissue oxygenation, or StO2. This monitor uses a sensor placed on the patient’s hand across the thenar eminence. Similar to the arterial oxygen saturation measurement, the StO2 uses near-infrared spectroscopy to estimate hemoglobin saturation in skeletal muscle.13 Use of Sto2 in the critically ill patient has begun, but it is not common in resuscitation.

Given the need to assess not only global CO but also actual perfusion of various tissue beds and the effect of vasoactive therapy, research efforts will continue in this direction. Technological advances will have an impact as they have in other areas of monitoring.14

SUMMARY

Hemodynamic monitoring is an integral part of the care of the critically ill patient, the purpose and goals of which are to alter therapy specific to individual patients and to improve outcome. The most useful monitors are real-time monitors that provide rapid assessment of the effects of therapy, particularly fluid boluses and infusion of vasoactive drugs. The standard hemodynamic monitors are noninvasive and include the ECG, oscillometric blood pressure readings, and arterial oxygen saturation. The more invasive monitors allow direct measurement of blood pressure using an indwelling arterial catheter and/or a central venous catheter to measure CVP.

Intravascular catheters provide access to arterial and mixed venous blood for analysis. The balloon flotation catheter, introduced into the pulmonary artery, provides intravascular pressures to assess cardiac function and measures CO. Derived variables also use these measurements. Noninvasive techniques to measure CO are available, including derivation of flow from the arterial pulse contour waveform analysis, esophageal Doppler flow probes, and carbon dioxide rebreathing techniques. Echocardiography is increasingly available at the bedside and used by clinicians. The hTEE device allows real-time and continuous monitoring of cardiac performance. Its use with an algorithm-driven approach to hemodynamic management shows promise. Newer technologies will also continue to be developed to better assess tissue perfusion and oxygenation.

References

1.    Jacka MJ, Cohen MM, To T, et al. The use of and preferences for the transesophageal echocardiogram and pulmonary artery catheter among cardiovascular anesthesiologists. Anesth Analg. 2002;94:1065-1071.

2.    British Hypertension Society. Blood pressure measurement with mercury blood pressure monitors. http://www.bhsoc.org/resources/how-to-measure-blood-pressure/. Accessed February 24, 2014.

3.    O’Brien E, Beevers G, Lip GYH. ABC of hypertension. BMJ. 2001;322:1167-1170.

4.    Boulain T, Achard JM, Teboul JL, et al. Changes in BP induced by passive leg raising predict response to fluid loading in critically ill patients. Chest. 2002;121:1245-1252.

5.    Rivers E, Nguyen B, Havstad S, et al. Early goal-directed therapy in the treatment of severe sepsis and septic shock. N Engl J Med. 2001;345:1368-1377.

6.    Institute for Healthcare Improvement. Implement the IHI central line bundle. http://www.ihi.org/resources/Pages/Changes/ImplementtheCentralLineBundle.aspx. Accessed February 24, 2014.

7.    Isakow W, Schuster DP. Extravascular lung water measurements and hemodynamic monitoring in the critically ill: bedside alternatives to the pulmonary artery catheter. Am J Physiol Lung Cell Mol Physiol. 2006;291:L1118-L1131.

8.    Laupland KB. Utility of esophageal Doppler as a minimally invasive hemodynamic monitor: a review. Can J Anaesth. 2002;49:393-401.

9.    Russell AE, Smith SA, West MJ, et al. Automated non-invasive measurement of cardiac output by the carbon dioxide rebreathing method: comparisons with dye dilution and thermodilution. Br Heart J. 1990;63:195-199.

10.    Jaffe MB. Partial CO2 rebreathing cardiac output—operating principles of the NICO system. J Clin Monit Comput. 1999;15:387-401.

11.    Surviving Sepsis Campaign. Severe sepsis bundles. http://www.survivingsepsis.org/Bundles/Pages/default.aspx. Accessed February 24, 2014.

12.    Heard SO. Gastric tonometry: the hemodynamic monitor of choice (pro). Chest. 2003;123:469S-474S.

13.    Hamaoka T, Katsumura T, Murase N. Muscle oxygen consumption at onset of exercise by near-infrared spectroscopy in humans. Adv Exp Med Biol. 2003;530:475-483.

14.    Cohn SM, Varela E, Giannotti G, et al. Splanchnic perfusion evaluation during hemorrhage and resuscitation with gastric near-infrared spectroscopy. J Trauma. 2001;50:629-635.

Bibliography

Hadian M, Kim HK, Severyn DA, et al. Cross-comparison of cardiac output trending accuracy of LiDCO, PiCCO, FloTrac and pulmonary artery catheters. Crit Care. 2010;14:R212.

Hata JS, Stotts C, Shelsky C, et al. Reduced mortality with noninvasive hemodynamic monitoring of shock. J Crit Care. 2011;26:224.e1-e8.

The hTEE Approach. ImaCor Inc, Garden City, NY. http://imacorinc.com/htee/the-htee-approach.html. Accessed February 24, 2014.

Klabunde RE. Ventricular pressure-volume relationship. http://www.cvphysiology.com/Cardiac%20Function/CF024.htm. Accessed February 24, 2014.

Magder S. How to use central venous pressure measurements. Curr Opin Crit Care. 2005;3:264-270.

Magder S, Bafaqeeh F. The clinical role of central venous pressure measurements. J Intensive Care Med. 2007;22:44-51.

Manecke GR, Ager WR. Cardiac output determination from the arterial pressure wave: clinical testing of a novel algorithm that does not require calibration. J Cardiothorac Vasc Anesth. 2004;18:175-179.

Marek PE. Noninvasive cardiac output monitors: a state-of the-art review. J Cardiothorac Vasc Anesth. 2013;27:121-134.

Marek PE, Cavallazzi R, Vasu T, et al. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically ventilated patients: a systematic review of the literature. Crit Care Med. 2009;37:2642-2647.

Préau S, Saulnier F, Dewavrin F, et al. Passive leg raising is predictive of fluid responsiveness in spontaneously breathing patients with severe sepsis or acute pancreatitis. Crit Care Med. 2010;38:819-825.

Reinhart K, Kuhn H, Hartog C, et al. Continuous central venous and pulmonary oxygen saturation monitoring in the critically ill. Intensive Care Med. 2004;30:1572-1578.

Reuter DA, Huang C, Edrich T, et al. Cardiac output monitoring using indicator-dilution techniques: basics, limits, and perspectives. Anesth Analg. 2010;110:799-807.

Salem R, Vallee F, Rusca M, et al. Hemodynamic monitoring by echocardiography in the ICU: the role of the new echo techniques. Curr Opin Crit Care. 2008;14:561-568.

Wikipedia. Accuracy and precision. http://en.wikipedia.org/wiki/Accuracy_and_precision. Accessed February 24, 2014.




	CIRCULATORY SHOCK AND FLUID MANAGEMENT PRINCIPLES IN ADULT CRITICAL CARE

	Dhaval Patel, MD, and Stephen M. Pastores, MD, FACP, FCCP, FCCM




	OBJECTIVES

	
			Define circulatory shock and the pathophysiological mechanisms involved in shock states

			Discuss the initial assessment of shock states and goals of hemodynamic support

			Review the physiological basis and principles of fluid resuscitation

			Discuss the various types of resuscitation fluids

			Outline recommendations for fluid resuscitation in critically ill patients
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Shock is defined as a profound and widespread reduction in the effective delivery of oxygen and other nutrients to tissues leading to impaired cellular metabolism and, ultimately, if prolonged, to irreversible cellular injury and death. Shock is arguably the most common clinical problem in the ICU. In particular, septic shock remains the most frequent cause of death in noncoronary ICUs in the United States. Shock can result from 4 potential, and not necessarily exclusive, pathophysiological mechanisms: (1) hypovolemia (from internal or external fluid or blood loss), (2) cardiogenic factors (eg, acute myocardial infarction, end-stage cardiomyopathy), (3) obstruction (eg, pulmonary embolism, cardiac tamponade), and (4) distributive causes (eg, severe sepsis or anaphylaxis). Hypovolemic, cardiogenic, and obstructive shock are characterized by low cardiac output and inadequate oxygen transport, whereas distributive shock states are associated with significant peripheral vasodilation resulting in decreased systemic vascular resistance, high cardiac output in most cases, and altered oxygen extraction. Most patients in circulatory shock have a combination of the 4 pathophysiological mechanisms of shock.

The type and cause of shock are often discerned from the medical history, physical examination, laboratory data, and other clinical investigations. Clinical examination should include assessment of blood pressure, skin color and temperature, jugular venous distension, and peripheral edema. Electrocardiography can assist in identifying specific causes of shock such as acute myocardial infarction but has limited usefulness in diagnosing pulmonary embolism or pneumothorax. Bedside echocardiography can be useful to assess for pericardial effusion, left and right ventricular function, and respiratory variations in vena cava dimensions.

INITIAL ASSESSMENT OF SHOCK STATES AND GOALS OF HEMODYNAMIC SUPPORT

Early, effective hemodynamic support is critical to prevent worsening organ dysfunction and failure in patients presenting with shock. It is vital to start resuscitation while the cause of the shock is being investigated. Once the cause of shock is determined, rapid treatment must be initiated including administration of antibiotics and source control for septic shock, control of bleeding, and percutaneous coronary intervention for acute coronary syndromes. The most important components of resuscitation are ventilatory support, fluid resuscitation, and administration of vasoactive medications including vasopressor, inotropic, and vasodilator agents. In select cases, mechanical support with intra-aortic balloon counterpulsation and venoarterial extracorporeal membrane oxygenation in cardiogenic shock may be lifesaving measures.

The goals of hemodynamic support are to restore blood pressure in patients with arterial hypotension (systolic blood pressure <90 mm Hg or mean arterial pressure [MAP] <65 mm Hg), maintain adequate cardiac output and oxygen delivery, and correct lactic acidosis. The determinants of effective tissue perfusion include arterial pressure, cardiac performance, vascular performance, and cellular function. Arterial pressure is dependent on the systemic vascular resistance and cardiac output, which in turn is determined by heart rate and stroke volume. Stroke volume is dependent on myocardial fiber shortening and is a function of cardiac preload, afterload, and contractility. Left ventricular size is an important determinant of stroke volume.

Preload is dependent on circulating volume, venous time, atrial contraction, and intrathoracic pressures. For decades, the central venous pressure (CVP) and pulmonary artery occlusion (or wedge) pressure (PAOP) measured with a pulmonary artery catheter were used as estimates of preload. However, CVP and PAOP measurements have not been found to be reliable and do not correlate with intravascular volume or predict fluid responsiveness after a fluid bolus. Afterload is usually assessed by the measurement of systemic vascular resistance, which is related to the length of the vessel and viscosity of the blood and inversely related to the fourth power of the radius of the vessel. Contractility is determined by echocardiography with the measurement of the peak systolic pressure to end-systolic volume ratio. During shock, contractility is typically depressed from acidosis, myocardial depressant factors, and ischemia.

The microvascular system plays an important role in shock states. The distribution of cardiac output is complex and determined by local intrinsic and extrinsic regulatory systems, the latter mediated by the sympathetic nervous system and adrenal hormone release. Microvascular function is also affected by pre- and postcapillary sphincter function and capillary endothelial integrity and can be compromised by obstruction. The increased metabolic activity in the tissues causes an increase in carbon dioxide and hydrogen, resulting in vasodilation and increased perfusion. Cellular dysfunction in shock is caused predominantly by cellular ischemia as well as inflammatory mediators (eg, tumor necrosis factor, interleukin-1) and free radical injury. Programmed cell death or apoptosis can occur as heat shock proteins interfere with synthetic pathways.

Increase in blood lactate level (hyperlactatemia) is associated with abnormal cellular function. It usually occurs in low-flow states due to tissue hypoxia and the resulting anaerobic metabolism and in distributive shock from increased glycolysis and inhibition of pyruvate dehydrogenase. Impaired liver function and alterations in clearance that occur in shock states may also result in hyperlactatemia. Measurements of serial lactate levels may help guide therapy in many patients with shock. Studies have shown that decreases in lactate levels with effective resuscitation in patients with shock are associated with improved outcomes.

Hemodynamic monitoring is necessary if the patient in shock does not respond to initial therapy. An arterial line is useful to monitor arterial pressure if vasopressor agents are required to maintain blood pressure. The hemodynamic profiles obtained with the pulmonary artery catheter (PAC) in the various types of shock are shown in Table 1. In recent years, there has been a significant decline in the use of the PAC as several randomized controlled trials (RCTs) have shown no mortality benefit with its use and, in fact, in patients who had low severity of illness, the use of the PAC was associated with an increased mortality. Additionally, echocardiography and other noninvasive monitoring tools are now widely available to guide hemodynamic monitoring. If the PAC is used, it is important to obtain correct measurements with proper calibration and zeroing of the transducer; correctly interpret the cardiac output (CO), CVP, PAOP, and mixed venous oxygen saturation; and apply therapeutic endpoints to all interventions.


	TABLE 1. Hemodynamic Profiles of Shock

	
		
			
			
			
			
			
			
		
		
				
				Diagnosis

			
				
				CO

			
				
				SVR

			
				
				CVP

			
				
				PAOP

			
				
				SVO

			
		

		
				
				Hypovolemic shock

			
				
				↓↓

			
				
				↑

			
				
				↓↓

			
				
				↓↓

			
				
				↓

			
		

		
				
				Cardiogenic shock due to MI

			
				
				↓↓

			
				
				↑

			
				
				↑↑

			
				
				↑↑

			
				
				↓

			
		

		
				
				Cardiogenic shock due to acute VSD

			
				
				LV CO ↓↓

			
				 
		

		
				
				RV CO > LV CO

			
				
				↑

			
				
				↑↑

			
				
				Normal or ↑

			
				
				↑ or ↑↑

			
				 
		

		
				
				RV infarction

			
				
				↓↓

			
				
				↑

			
				
				↑↑

			
				
				Normal or ↑

			
				
				↓

			
		

		
				
				Pericardial tamponade

			
				
				↓ or ↓↓

			
				
				↑

			
				
				↑↑

			
				
				↑↑

			
				
				↓

			
		

		
				
				Massive PE

			
				
				↓↓

			
				
				↑

			
				
				↑↑

			
				
				Normal or ↓

			
				
				↓

			
		

		
				
				Anaphylaxis

			
				
				↑↑ or normal

			
				
				↓ or ↓↓

			
				
				↓ or normal

			
				
				↓ or normal

			
				
				↑ or ↑↑

			
		

		
				
				Septic shock

			
				
				↑↑ or normal

			
				
				↓ or ↓↓

			
				
				↓ or normal

			
				
				↓ or normal

			
				
				↑ or ↑↑

			
		

	

	Abbreviations: CO, cardiac output; CVP, central venous pressure; LV, left ventricle; MI, myocardial infarction; PAOP, pulmonary artery occlusion pressure; PE, pulmonary embolism; RV, right ventricle; SVO, mixed venous oxygen saturation; SVR, systemic vascular resistance; VSD, ventricular septal defect. Reproduced with permission Parrillo JM, Dellinger RP, eds. Crit Care Med: Principles of Diagnosis and Management in the Adult. 3rd Edition. Philadelphia, PA: Mosby; 2008.



Circulatory shock is initially managed with aggressive fluid resuscitation. The physiological basis and principles of fluid resuscitation are described below. As soon as intravascular volume is optimized, vasopressor and inotropic agents may be required to maintain blood pressure and CO, respectively. Norepinephrine, a potent vasoconstrictor and inotrope, is the initial vasopressor used and provides a more reliable increase in blood pressure than does dopamine. Dopamine, especially at high doses, can cause tachycardia and arrhythmias and has a higher incidence of mesenteric ischemia than does norepinephrine. Epinephrine has α- and β-agonist effects and is the vasopressor of choice for anaphylactic shock. Phenylephrine, a pure α-agonist, can be used intraoperatively and in patients with an underlying tachycardia. In patients with septic shock, phenylephrine may be considered as salvage therapy when combined inotrope/vasopressor agents and low-dose vasopressin have failed to achieve the target mean arterial pressure target of 65 mm Hg. Vasopressin, a polypeptide hormone secreted by the hypothalamus, may be used as an adjunctive agent to norepinephrine in septic shock. However, vasopressin decreases CO and heart rate and may also increase myocardial ischemia due to a decrease in coronary blood flow. Dobutamine stimulates both β1 and β2 receptors and thus increases CO but also causes systemic and pulmonary vasodilation.

Physiological Basis and Principles of Fluid Resuscitation

An integrated understanding of fluid management principles is vital to the management of the complex critically ill patient.

Body Fluid Distribution

For an average adult male, body weight is comprised of 60% water, 7% minerals, 18% protein, and 15% fat. Females generally have a slightly increased body fat content and a correspondingly decreased water content of approximately 50% (Figure 1).


	FIGURE 1. Distribution of body water

	[image: ]
	Abbreviations: ECF, extracellular fluid; ICF, intracellular fluid; ISF, interstitial fluid; PV, plasma volume; TBW, total body water. Reproduced with permission from James E. Szalados, MD, MCCRC 2013.



Total body water accounts for approximately 60% of body weight (ranging from about 50% in obese people to 70% in lean people). Approximately two-thirds of total body water is sequestered in the intracellular compartment (intracellular fluid), and one-third is extracellular (extracellular fluid [ECF]). Approximately 25% of the ECF is intravascular compartment fluid (plasma volume), and 75% is interstitial fluid. Total body water in a 70-kg person (60%) is, therefore, approximately 42 L.

Water balance and sodium (Na) balance are interdependent. The major extracellular cation is Na, which has an average serum concentration of 140 mEq/L; the intracellular Na concentration is approximately 12 mEq/L. The total body Na content determines ECF volume. A deficiency or excess of total body Na content causes ECF volume depletion or overload, respectively. A decrease in ECF volume (hypovolemia) is not the same physiologically as a decrease in effective circulating plasma volume, which can also be decreased in increased ECF states such as heart failure and capillary leak in inflammatory states.

The various crystalloid or colloid solutions expand the ECF volumes differentially based on (1) the osmolarity of the fluid, (2) the degree of capillary leak, and (3) the preexisting water deficits in the various fluid compartments (Figure 2).


	FIGURE 2. Relative impact of 1-L IV infusion on ECF compartments

	[image: ]
	Abbreviations: D5W (Dextrose 5% in water); ISF, interstitial fluid; NS, normal saline. Reproduced with permission from James E. Szalados, MD, MCCRC 2013.



The combined concentration of solutes in water determines the osmolarity of the fluid, which is the pressure gradient that drives fluid shifts toward equilibration. Water crosses permeable cell membranes freely across a concentration gradient from areas of low solute concentration to areas of high solute concentration. Since body fluids are dilute aqueous solutions, serum osmolarity is very similar to osmolality (a molar measure). Plasma osmolality can be either measured or estimated according to the following formula (where serum Na is expressed in mEq/L, and glucose and serum urea nitrogen are expressed in mg/dL):

Plasma Osmolality (mOsm/kg) = 2[Na] + [Glucose]/18 + [Serum Urea Nitrogen]/2.8.

In 1896, Dr. Ernest Starling discovered that capillaries and postcapillary venules acted as a semipermeable membrane absorbing fluid from the interstitial space. This led to the identification of the hydrostatic and oncotic pressure gradients across the semipermeable membrane as the principal determinants of transvascular exchange. Theoretically, fluid leaves the arterial end of the capillary since the elevated hydrostatic pressure promotes ultrafiltration into the interstitial compartment. However, the resulting plasma concentration and the elevated plasma oncotic pressure at the venular capillaries promote reabsorption of interstitial fluid back into the vascular compartment. Traditionally, clinicians have selected resuscitation fluids based on this microvascular fluid exchange and the Starling principle of the classic compartment model. However, the recent identification of the endothelial glycocalyx layer has led to questioning of the Starling principle. The glycocalyx is a layer of membrane-bound glycoproteins and proteoglycans on the luminal side of endothelial cells. The subglycocalyx space creates a colloid oncotic pressure that plays an important role in transcapillary flow. With the discovery of nonfenestrated capillaries throughout the interstitial space, it now appears that the absorption of fluid does not occur through venous capillaries but rather fluid from the interstitial space is returned to the circulation primarily as lymph that is regulated through sympathetically mediated responses. Thus, the structure and function of the endothelial glycocalyx layer are the major determinants of membrane permeability in various organ systems. The lack of integrity of this glycocalyx layer in various inflammatory states such as sepsis and after surgery or trauma may be responsible for pathological interstitial edema or “third spacing” of fluid.

Humoral Factors Affecting Fluid Status

The renin-angiotensin-aldosterone axis is the primary regulatory mechanism affecting renal sodium handling or excretion. Activation of the renin-angiotensin system results in increased vascular tone and elevated levels of aldosterone. In hypovolemia, the glomerular filtration rate and sodium delivery to the distal nephron are relatively low, causing the release of renin as a homeostatic response. Plasma renin enzymatically cleaves angiotensinogen to form angiotensin I. The angiotensin-converting enzyme then enzymatically cleaves angiotensin I to form angiotensin II. Angiotensin II increases renal sodium retention by decreasing the filtered sodium load and increasing proximal renal tubular sodium reabsorption. Angiotensin II also stimulates the adrenal cortex to secrete aldosterone, which further increases renal sodium reabsorption. Increased aldosterone levels enhance distal tubular reabsorption of sodium, impairing the ability to excrete a large, or acute, sodium load and resulting in fluid retention. Angiotensin I can also be transformed to angiotensin III, which stimulates aldosterone release.

Antidiuretic hormone (ADH) levels are governed by osmoreceptors and volume receptors. When plasma osmolality rises, ADH is released. Similarly, when there is a decrease in effective circulating volume and hypotension, volume receptors act by leading to more ADH release. ADH is also known as arginine vasopressin, a 9-amino-acid peptide made in the supraophthalmic nucleus of the hypothalamus. The release of ADH activates the V2 receptor, affecting the aquaporin-2 pathway. The insertion of water channels and their subsequent removal from the cell luminal membrane are referred to as vesicular trafficking, and this process is the final mediator of the ADH-dependent water permeability of the collecting duct cells. Water channels are membrane proteins known as aquaporins; aquaporin-2 is the protein that is the vasopressin-responsive water channel in the renal collecting duct, and it is inserted into the apical membrane in response to cyclic adenosine monophosphate. ADH release is also influenced by angiotensin II and drugs such as nicotine, ether, morphine, and barbiturates, which all increase ADH release, while alcohol inhibits ADH release.

Sodium elimination is increased through natriuretic mechanisms. Several natriuretic factors have been identified, including atrial natriuretic peptide, B-type natriuretic peptide, and a C-type natriuretic peptide. Atrial natriuretic peptide is released from cardiac atrial tissue in response to atrial hypertension (eg, ECF volume overload, heart failure, renal disease, and ascites) and primary aldosteronism. High levels of atrial natriuretic peptide increase sodium excretion and increase glomerular filtration rate even in the setting of systemic hypotension. B-type natriuretic peptide is a neurohormone secreted mainly in the cardiac ventricles in response to volume expansion and pressure overload. B-type natriuretic peptide levels correlate with the severity and prognosis of heart failure.

The rationale for intravascular fluid replacement therapy is therefore based on (1) correction of circulating ECF volume, (2) maintenance of cardiac output and organ perfusion, (3) correction of intracellular water deficit, (4) treatment of electrolyte abnormalities, and (5) nutrition. Thus, intravenous fluid prescriptions must be highly individualized.

TYPES OF RESUSCITATION FLUIDS

Resuscitation fluids are generally classified into colloid and crystalloid solutions. The types and composition of the various resuscitation fluids are shown in Table 2.


	TABLE 2. Types and Compositions of Resuscitation Fluids (Crystalloids and Colloids)

	
	[image: Types and Compositions of Resuscitation Fluids]
	Information from Myburgh JA, Mythen MG. Resuscitation fluids. N Engl J Med. 2013;369:1243-1251.



Albumin

Human albumin (4%-5%) produced by the fractionation of blood is considered the standard colloid solution for resuscitation. Albumin is the main protein responsible for plasma colloid osmotic pressure; it acts as a carrier for several endogenous and exogenous compounds, with antioxidant and anti-inflammatory properties, and as a scavenger of oxygen free radical and nitrogen species, and it operates as a buffer molecule for acid-base equilibrium. Albumin is an expensive solution to produce and distribute, and its availability is limited in low- and middle-income countries. Furthermore, meta-analyses and RCTs have suggested that colloid solutions offer no advantage over crystalloids, may increase mortality, and may worsen outcome. However, a meta-analysis of 90 cohort studies involving 291,433 patients concluded that hypoalbuminemia is associated with poor clinical outcomes and that correction of hypoalbuminemia with albumin was associated with a lower incidence of ICU complications. The Saline Versus Albumin Fluid Evaluation (SAFE) study was a double-blind RCT that enrolled 7,000 patients from 16 ICUs in Australia and New Zealand over an 18-month period. The study participants were randomized to receive either 4% human albumin or normal saline from the time of admission to the ICU until death or discharge. There was no difference between the 2 groups in 28-day all-cause mortality, and indices of MAP, heart rate, and incidence of organ failure were similar between the groups. However, there was a small but significant increase in CVP with albumin. The ratio of volumes of albumin to volumes of saline administered to achieve these endpoints was 1:1.4. Additional analyses showed that resuscitation with albumin was associated with significant increase in risk of death at 2 years among patients with traumatic brain injury. In contrast, resuscitation with albumin was associated with a decrease in the adjusted risk of death at 28 days in patients with severe sepsis. Finally, there was no significant between-group difference in the rate of death at 28 days among patients with hypoalbuminemia. The Fluid Expansion as Supportive Therapy (FEAST) trial compared the use of boluses of albumin or saline with no boluses in 3,141 febrile children with circulatory shock. The study showed that bolus resuscitation with albumin or saline resulted in similar rates of death at 48 hours, but there was a significant increase in death rate at 48 hours associated with both therapies mainly from cardiovascular collapse, as compared with no bolus therapy. More recently, the Albumin Italian Outcome Sepsis (ALBIOS) study showed that the addition of albumin to crystalloids during the first 28 days of treatment of severe sepsis or septic shock to maintain a serum albumin level of 30 g/L or more was safe but did not provide a survival advantage over crystalloids alone over a follow-up period of 90 days. Similar findings were observed in the subgroup stratified according to the interval between the time the patient met the clinical criteria for severe sepsis and treatment application. A significantly greater proportion of patients in the albumin group than in the crystalloid group reached the targeted MAP within 6 hours after randomization. During the first 7 days, the MAP was higher, whereas the heart rate and net fluid balance were lower, in the albumin group compared with the crystalloid group. Moreover, the average cardiovascular Sequential Organ Failure Assessment subscore over the course of the study period was lower in the albumin group, and the time to the suspension of inotropic or vasopressor agents was shorter, indicating a decreased use of vasopressors. These findings confirm a physiological advantage of albumin administration during severe sepsis, including a larger fluid distribution within the intravascular compartment and possible effects of albumin as a scavenger of nitric oxide, mediating peripheral vasodilatation during sepsis.

Semisynthetic Colloids

The semisynthetic colloids include hydroxyethyl starch (HES) solutions, dextran solutions, succinylated gelatin, and urea-linked gelatin-polygeline preparations. HES solutions are made by hydroxyethyl substitution of amylopectin obtained from potatoes, sorghum, or maize. HES at 6% concentration is used since higher concentrations were found to be associated with increased rates of death, acute kidney injury, and need for renal replacement therapy. However, even the HES 6% solution was shown to increase the risk of death and need for renal replacement therapy in patients with severe sepsis. An increased need for blood products and increased rate of adverse events, especially pruritus, was also observed in the Crystalloid versus Hydroxyethyl Starch Trial (CHEST). Data for the other semisynthetic colloids are insufficient, although an observational study raised concerns for acute kidney injury with gelatin solutions. Given the current evidence of lack of clinical benefit, potential nephrotoxicity, and increased cost, the use of semisynthetic colloids for fluid resuscitation in the critically ill is not recommended.

Crystalloids

Crystalloid solutions remain the fluid of choice for resuscitation worldwide. Normal (0.9%) saline contains sodium and chloride in equal concentrations, which makes it isotonic compared with ECF. Although normal saline has a pH of about 5.5, this is inconsequential as it is buffered by the body’s buffer system in the ECF. Because normal saline has a strong ion difference of zero, the administration of large volumes of saline can lead to metabolic acidosis when the proximal tubule dumps bicarbonate to maintain electroneutrality of plasma. Recent prospective and observational studies have shown that saline therapy increases the risk of acute kidney injury and need for renal replacement therapy. This has led some clinicians to use “balanced salt” solutions, which are derivatives of the original Hartmann’s and Ringer’s solutions and were designed to more closely approximate the composition of the ECF by including potassium, calcium, and lactate or acetate as a more stable substitute for bicarbonate. Excess administration of these balanced salt solutions can cause hyperlactatemia, metabolic alkalosis, hypotonicity, and cardiotoxicity (with acetate). Lactated Ringer’s solution can cause hyponatremia because it is hypotonic compared with ECF. If calcium is included and citrate-containing red blood cell transfusions are also given, microthrombi can result. Plasma-Lyte (Baxter Healthcare, Deerfield, IL), a calcium-free balanced salt solution, was recently shown in a prospective study to reduce the incidence of infection, rates of renal replacement therapy, need for blood transfusion, and acidosis-associated investigations. However, given the paucity of data, including RCTs, the use of balanced salt solutions as the preferred fluid therapy cannot be recommended.

Fluid Dose and Volumes

The requirements for and response to fluid resuscitation vary greatly during the course of critical illness. There is no single physiological or biochemical measurement that adequately reflects the complexity of fluid depletion or the response to fluid resuscitation in acute illness. Over time, the administration of crystalloids and colloids results in increased cumulative doses of sodium and water, which can lead to interstitial edema and resultant organ dysfunction. Increased cumulative positive fluid balance is associated with adverse long-term outcomes in septic patients. In patients with acute respiratory distress syndrome, a conservative fluid strategy was associated with decreased morbidity compared with liberal fluid management.

Recommendations for Fluid Resuscitation in Critically Ill Patients

Clinicians should always consider the type, dose, indications, contraindications, potential for toxicity, and cost when choosing fluids for resuscitation. One must identify the fluid that is most likely to be lost and replace the fluid lost in equivalent volumes. Serum sodium, osmolarity, and acid-base status must also be considered as well as cumulative fluid balance and actual body weight.

Bleeding patients require control of hemorrhage and transfusion with red cells and blood components as indicated. Isotonic, balanced salt solutions are the most practical initial fluid resuscitation fluid for the majority of critically ill patients. Saline should be considered in patients with hypovolemia and alkalosis. Similarly, saline or isotonic crystalloids are indicated in patients with traumatic brain injury whereas albumin is not indicated. Hydroxyethyl starch is not indicated in patients with sepsis or those at risk for acute kidney injury.

SUMMARY

Early, effective hemodynamic support is important to prevent worsening organ dysfunction and failure in patients presenting with shock. Once the cause of the shock is determined, rapid treatment must be initiated, including administration of antibiotics and source control for septic shock, control of bleeding, and percutaneous coronary intervention for acute coronary syndromes. The most important components of resuscitation are ventilatory support, fluid resuscitation, and administration of vasoactive agents. An integrated understanding of fluid management principles is vital to the management of the complex critically ill patient. Ultimately, the selection, timing, and doses of intravenous fluids should be carefully assessed with the goal of maximizing efficacy and minimizing iatrogenic toxicity.
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